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ABSTRACT
Recent work has shown that a fully many-body
treatment of noncovalent interactions, such as
that given by the method of many-body disper-
sion (MBD), is vital to accurately modeling the
structure and energetics of many molecular sys-
tems with density functional theory (DFT). To
avoid double counting the correlation contribu-
tions of DFT and the MBD correction, a single-
parameter range-separation scheme is typically
employed. Coupling the MBD correction to a
given exchange-correlation functional therefore
requires calibrating the range-separation param-
eter. We perform this calibration for 24 pop-
ular DFT functionals by optimizing against the
S66×8 benchmark set. Additionally, we re-
port a linear equation that predicts near opti-
mal range-separation parameters, dependent only
on the class of the exchange functional and the
value of the gradient enhancement factor. When
a calibrated MBD correction is employed, most
of the exchange-correlation functionals consid-
ered are capable of achieving agreement with
CCSD(T)/CBS interaction energies in the S66×8
set to better than 1 kcal/mol mean absolute error.
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†Department of Chemistry and Chemical Biology, Har-
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 INTRODUCTION
Noncovalent interactions, ranging from hydrogen
bonding to weak van der Waals (vdW) forces,
present significant challenges to quantum chem-
ical modeling.? The difficulty arises due to
their many-body quantum nature and small en-
ergy scales (typically 5-10 kcal/mol for hydrogen
bonds, 1-2 kcal/mol for van der Waals forces).?
As a result, while approximate density functional
theory (DFT) can often predict the thermochem-
istry of organic compounds dominated by cova-
lent interactions to within 1 kcal/mol (“chemical
accuracy”),? ? accurate prediction of noncovalent
interactions within DFT remains a challenging
task.? ? ? ? ? ? ? ? At the same time, these nonco-
valent interactions play an important role in the
energetics, structure, and function of a wide range
of systems,? including intermolecular interactions
between small molecules,? ? intramolecular inter-
actions in biomolecules,? and various properties
of condensed phase systems such as, molecular
crystals,? ? ? ? ? ? and vdW layered materials.? ?
The accurate treatment of noncovalent interac-
tions within the framework of DFT is vital for
reaching the goal of chemical accuracy for an
ever-larger set of experimentally relevant systems.
Many different methodologies have been devel-
oped to approximately treat noncovalent interac-
tions within the DFT framework.? ? ? ? Follow-
ing the classification scheme of ? (Ref. ? ), these
differing approaches can be categorized into four
levels of approximation: I, II, III, and IV. Level
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I methods involve no explicit correction for non-
covalent interactions. Instead, they are parama-
terized to reproduce experimental data but pro-
vide incorrect asymptotics. Level II methods (gen-
erally termed “DFT-D”) correct DFT functionals
with pairwise-additive corrections employing em-
pirical parameters that minimize average errors
across large calibration sets. While extremely
computationally efficient and enormously popu-
lar, DFT-D methods fail to capture the true many-
body nature of dispersion, such as the N-body
dipole terms,? ? electrodynamic response screen-
ing effects,? ? ? and the non-additivity of the dy-
namic polarizability.? ? Indeed, examples of the
failings of pairwise methods are numerous, and in-
clude incorrect conformer ordering of polypeptide
α-helices? ? and organic crystal polymorphs,? ? ?
and poor characterization of the cohesive prop-
erties of molecular crystals,? ? ? ? among others.
Level III consists of non-local kernel-based meth-
ods such as vdW-DF? ? and VV10.? While these
methods get the asymptotic behavior correct, they
are unable to capture the presence of dielectrics
and still rely on subtle pairwise dipole approx-
imations (see Ref.? for an explanation of how
pairwise approximations appear in non-local ker-
nel methods). Level IV methods treat the pair-
wise, beyond pairwise, and screening interactions
on equal footing, thereby allowing an accurate de-
scription of a wider range of dispersively domi-
nated systems with a high degree of confidence.
The many-body dispersion (MBD) method? ? dis-
cussed herein is one of the most computationally
efficient methods at this level of approximation.
The MBD method treats the beyond-pairwise
nature of dispersion through a model Hamiltonian
that models each atom as a quantum harmonic os-
cillator, which is fully coupled to other atoms by
a screened dipole interaction.? ? ? ? ? The long-
range correlation energy is then calculated from
the difference between the zero-point energy of
the coupled oscillator system and that of the un-
coupled oscillators. The procedure of diagonaliz-
ing the Hamiltonian of these coupled oscillators
is equivalent (through the adiabatic-connection
fluctuation-dissipation theorem) to the random-
phase approximation (RPA) correlation energy in
the dipole limit.? ?
To date, the MBD model has only been ap-
plied as a correction to the PBE,? ? PBE0,? ? ?
and HSE? ? exchange-correlation functionals.? ?
While these functionals have proved generally
successful for a broad range of systems, many
functionals exist that have been specifically de-
signed to perform well for specific classes of
molecules,? ? or specific chemical applications
such as thermochemistry,? ? kinetics,? ? ? or
spectroscopy.? Like other dispersion corrections,
the MBD model employs a damping function to
avoid double counting the correlation energy at
short-range where the exchange-correlation func-
tional is expected to give a good description of
correlation. The MBD range-separation parame-
ter, β , which determines the range of the damping
function must be tuned carefully for each func-
tional because the short-range behavior of the
exchange-correlation potential (particularly the
repulsive exchange wall) will dramatically im-
pact the shape of a binding curve. In this work
we extend the applicability of the MBD model to
other functionals by performing this calibration.
We present the optimal range-separation parame-
ter for MBD, as well as benchmark results, for 24
popular exchange-correlation functionals.
 THE MBD METHOD
The following is a brief introduction to the the-
ory and notation of the MBD model. All equa-
tions are given in Hartree atomic units (h¯ = me = e
= 1) with tensor quantities denoted by bold type-
face. We refer the reader to Ref. ? for a more
detailed derivation and discussion of the equations
presented below. The canonical London approxi-
mation for dispersion interactions describes small
instantaneous oscillations of the charge density
that induce local dipoles. As these dipoles oscil-
late about their equilibrium positions, they interact
through the Coulomb interaction. With this picture
in mind, modeling these density oscillations with
quantum harmonic oscillators (QHO) provides a
physically intuitive description. One QHO is cen-
tered on each atomic nucleus, parameterized with
a frequency-dependent scalar dipole polarizability,
αa(iω), and a characteristic frequency, ωa, where
a is an atomic/nuclear index. Here, the polariz-
ability plays the role of the QHO mass and the
characteristic frequency is directly related to the
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strength of the QHO potential. These parameters
are determined by reweighting reference atomic
polarizabilities by the ratio of the Hirshfeld atomic
volume? to the free atom volumes for each atom.
This captures effects of the local chemical environ-
ment without introducing adjustable parameters.
This partitioning is in contrast to methods such as
DFT-D3, which seek to capture the local chemical
environment from the geometry alone by param-
eterizing coordination numbers. Purely geomet-
ric approaches miss important density-dependent
changes to the polarizability that can occur from
solvation or the presence of external electric fields.
In addition to local changes to the atomic static
polarizabilities, electrodynamic screening and the
anisotropy of chemical bonds are modeled by solv-
ing a Dyson-like self-consistent screening equa-
tion to compute screened dynamic polarizabili-
ties, αa(iω), for each QHO. Using these screened
polarizabilities, we compute the corresponding
screened characteristic frequency, ωa, for each
QHO by numerical evaluation of the Casimir-
Polder integral and inversion of a 0/2-order Padé
approximant? to the frequency dependence of the
scalar dipole polarizability
ωa =
(
4
3
1[
α(0)
]2
)(
3
pi
∫ ∞
0
[
αa(iω)
]2dω) .
(1)
The MBD model Hamiltonian for an N atom sys-
tem is then constructed from these screened polar-
izabilities and excitation frequencies as
HMBD = −
N
∑
a=1
1
2
∇2µ a +
N
∑
a=1
1
2
ω2aµ
2
a (2)
+
N
∑
a>b
ωaωb
√
αa(0)αb(0)µ †aT
ab
LRµ b,
where µ a is the polarizability-weighted displace-
ment of the ath QHO, and TabLR is the long-range
component of the dipole-dipole interaction tensor.
The first two terms can be identified as the base
QHO Hamiltonian in polarization weighted coor-
dinates, while the third term represents two-body
coupling. This coupling is calculated from the
long-range contribution to the dipole-dipole inter-
action tensor weighted by a Fermi-type damping
function, so the (i, j)th Cartesian component is:
Tab, i jLR =
[
1
1+ exp [−Zab]
]−3RiabR jab+‖Rab‖2 δi j
‖Rab‖5
,
(3)
where
Zab = 6
[
‖Rab‖
β
(
RvdWa +R
vdW
b
) −1] (4)
is the ratio between the internuclear distance,
‖Rab‖, and the modified sum of the effective
van der Waals (vdW) radii, RvdW, of atoms a
and b. The parameter β is an adjustable range-
separation parameter that determines the length
scale at which the damping function acts to “turn
on” the MBD contribution. To prevent double
counting of the correlation energy, the MBD cor-
rection should “turn on” only after the correlation
contribution from the underlying DFT exchange-
correlation functional becomes sufficiently small.
β can be thought of as an inverse length scale. As
β → 0, the MBD contribution never turns off, and
as β → ∞, the MBD contribution never turns on.
While we are free to choose β , it is typically fit
once for a given exchange-correlation functional
by minimizing the mean absolute error with re-
spect to highly accurate reference data. This cali-
bration has previously been done for PBE, PBE0,
and HSE using as reference the S66×8 bench-
mark set,? which is comprised of 528 interaction
energies of 66 molecular dimers computed with
CCSD(T) extrapolated to the complete basis-set
limit.
Diagonalization of the interacting Hamiltonian
produces 3N polarization normal modes with cor-
responding eigenfrequencies,
√
λp. 1 The MBD
correlation energy is then computed from the dif-
ference of two zero point energies, the first ob-
tained from summing these eigenfrequencies and
the second from summing the screened character-
istic frequencies of the uncoupled oscillators:
EMBD =
1
2
3N
∑
p=1
√
λp− 32
N
∑
a=1
ωa. (5)
1As usual, the eigenvalues λp are the square of the fre-
quencies,
√
λp, associated with the normal modes.
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Finally, EMBD is applied as an additive correction
to the DFT exchange-correlation energy, so the to-
tal energy is
Etotal(β ) = Ekinetic+EXC+EMBD(β ). (6)
Because the MBD energy is a function of β , we
can straightforwardly minimize the deviation of
the DFT+MBD total energy in equation (Eq. (6))
from a reference energy by varying β .
 METHODS
MBD and DFT Energies. All DFT calculations
were carried out in a development version of Octo-
pus V5.0.0,? ? ? ? in which we have implemented
routines to compute the MBD energy as well as
analytic nuclear gradients and analytic functional
derivatives of the MBD energy. The Octopus
package uses of the LibXC? library of exchange-
correlation functionals, which provides access to
many more functionals than are currently avail-
able in Quantum ESPRESSO,? the other open-
source quantum chemistry package that currently
contains an implementation of the MBD correc-
tion.? As an added benefit, Octopus’ use of real-
space grids provides an efficient treatment of gas-
phase molecules and other isolated systems.
When MBD is applied non-self-consistently it
has no impact on the charge density. As a re-
sult, the Hirshfeld volumes do not depend on the
range-separation parameter, β , and may be saved
to disk for each monomer and dimer in the calibra-
tion set. Thus, we optimized β by computing each
interaction energy once per exchange-correlation
functional and then applied MBD as an a posteri-
ori correction using a locally developed standalone
MBD code that accepts β as an input parameter to-
gether with the atomic coordinates and Hirshfeld
volumes. This scheme avoids unnecessary dupli-
cation of a large number of DFT single-point cal-
culations.
Basis Sets. All calculations were run with Oc-
topus’ built in library of Hartwigsen-Goedeker-
Hutter (HGH) dual space Gaussian norm-
conserving pseudopotentials? ? on spherical atom
grids of radius of 6 au with a grid spacing of
0.08 au. We tested these pseudopotentials, grid pa-
rameters, and grid shapes extensively to verify that
they provided energies that agreed to better than
0.02 kcal/(mol · atom) with respect to all-electron
Gaussian-type orbital (GTO) complete-basis set
extrapolated calculations run in Q-Chem V4.1.?
We also explored the energy convergence of
molecular single-point energies in Octopus for
grid spacings ranging from 0.5 to 0.02 au, and
observed that grid spacings ≤ 0.08 au provided
convergence within 0.02 kcal/(mol · atom) of the
value obtained by a quadratic extrapolation to the
complete-basis set limit.
β Optimization. We determined the optimal
range-separation parameter, βopt, by computing
the MBD energy over a grid of β values between
0.35 and 1.19, with a spacing of 0.01. We have
found that with β values below 0.35, MBD be-
comes numerically unstable and yields imaginary
frequencies when diagonalizing the interacting
Hamiltonian. The optimal β value was selected
to minimize the mean absolute error with respect
to CCSD(T)/CBS interaction energies from the
S66×8? ? benchmark set of ?. The S66×8 bench-
mark includes interaction energies for 66 molec-
ular dimers designed to be representative of the
types of noncovalent interactions that commonly
occur in organic molecules and biomolecules, in-
cluding electrostatic (hydrogen bonding) domi-
nated, dispersion dominated (aromatic-aromatic,
aromatic-aliphatic, and aliphatic-aliphatic), and
mixed character interactions with a variety of
bonding motifs for each interaction type. The
S66×8 set systematically explores 8 points along
the dissociation curves of each complex; by op-
timizing β against a dataset that includes non-
equilibrium geometries, we avoid introducing a
bias towards equilibrium structures.
To determine the consistency of this optimal β
value across reference datasets, we also optimized
β against the revised S22? ? benchmarks of Sher-
rill and co-workers.? The S22 dataset contains 22
small molecule dimers covering a mix of hydrogen
bonded and dispersion bound complexes, although
it is somewhat weighted toward nucleic acid-like
structures and less balanced in its coverage of in-
teraction motifs than the S66 set.? Results of opti-
mizing β against the S66 and S22 benchmarks are
presented in the Supporting Information.
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Figure 1: The mean absolute error (MAE) in
kcal/mol with respect to the S66×8 benchmark set
for five separate functionals is presented against
the MBD range separation parameter, β .
 RESULTS AND DISCUSSION
To facilitate clarity, Table Table 10 of the Support-
ing Information provides a glossary that details
the exchange and correlation functionals associ-
ated with each DFT functional abbreviation used
in the following discussion of our results.
In Figure Figure 1 we present a representa-
tive plot of the variation of the mean absolute
error (MAE) as β is scanned for five different
DFT functionals that cover the diversity of ex-
change present in our 24 functional test suite:
SVWN,? ? ? PBE,? ? OLYP,? ? ? TPSS,? ? and
B97.? We observe flat minima for PBE, TPSS,
and B97 with a wide range of β values resulting
in < 1 kcal/mol error. This behavior is represen-
tative of most functionals in the test suite. OLYP
displays a narrower minima with an abrupt jump
at β = 0.42. Unfortunately, we have no clear ex-
planation for this behavior, though we note that
similar discontinuities are observed for a few other
functionals at the same β value. We have tested
our methods extensively and found them to pro-
duce no negative eigenvalues in the β range of
interest. We believe that this may be an artifact
that results from coupling oscillators together that
are too close to one another. It is well known that
LDA functionals exhibit spurious exchange bind-
ing that mimics an over-bound dispersive attrac-
tion, but is entirely unphysical in its origin; there-
fore, adding a dispersion correction on top of LDA
is expected to degrade the performance of LDA
functionals. This is consistent with the behavior of
SVWN observed in Figure Figure 1, with the MAE
decreasing monotonically as β increases. We have
confirmed that this monotonic trend continues out
to β = 10 for LDA functionals, consistent with
β → ∞ being optimal, i.e. turning off the MBD
correction completely.
In Figure Figure 2, we present the MAEs for
our full collection of functionals, both with and
without the MBD correction. Table Table 1 pro-
vides a different view of these results, demonstrat-
ing the fractional improvement in MAE that is of-
fered by employing the optimized MBD correc-
tion. In the Supporting Information, we present
additional tabulations of the MAEs and mean ab-
solute relative errors (MAREs) for the S66×8,
S66, and S22 benchmark sets in Tables Table 2-
Table 9. We have found that with the exception
of the two LDA functionals (SPZ and SVWN),
the addition of MBD greatly improves the perfor-
mance of the functionals considered and most are
able to achieve “chemical accuracy” when paired
with an optimized MBD.
In general, the functionals seem to require a
larger βopt for systems with more hydrogen bond-
ing character than dispersion character. This im-
plies that the underlying functional is providing a
better treatment of hydrogen bonding/electrostatic
interactions than dispersion. Given that hydro-
gen bonding is an exchange dominated effect,
while dispersion interactions are correlation dom-
inated, it is unsurprising that a long-range correc-
tion to the correlation energy is not as beneficial
for hydrogen-bonded systems. There are two no-
table exceptions to this trend, for both B97 and
B97-3,? which are both global hybrid functionals,
βopt for dispersion is larger than βopt for hydrogen-
bonded systems. It is hard to draw any general
conclusions about global hybrids from these re-
sults. However, for B97 and B97-3 specifically,
this behavior is likely caused by an overly repul-
sive exchange wall. Octopus’ implementation of
exact exchange is inefficient enough that a wider
survey of local and global hybrid functionals was
computationally prohibitive.
In agreement with previous work, the optimal
β for PBE was found to be 0.83? and pro-
duced an MAE of 0.37 kcal/mol against the
S66×8 set, which is the smallest error in our
simulations. We next considered three PBE-
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Figure 2: Mean absolute error (MAE) in kcal/mol with respect to the S66×8 benchmark set for each
functional considered. Bare DFT indicates the MAE of the uncorrected DFT functional. DFT+MBD@β
indicates the MAE of the MBD corrected functional, with MBD computed using either βopt or βfit. The op-
timized range-separation parameter (βopt) is determined by minimizing the MAE; whereas, βfit is derived
from a linear fit of βopt against the exchange functional’s gradient enhancement factor. The horizontal
dotted line at 1 kcal/mol indicates “chemical accuracy”.
like functionals, revPBE,? ? PBEκ=1,? ? ? and
optPBE,? ? ? which were reparameterized to im-
prove their short-range behavior. PBEκ=1 and
optPBE, were explicitly constructed to allow for
the inclusion of noncovalent and long-range cor-
rections such as MBD or D3 without double count-
ing short-range correlation. revPBE, by con-
trast, was reparameterized to obey the Oxford-
Lieb bound on the exchange-correlation energy.?
In all three cases, we find a smaller βopt than
that of PBE. This agrees well with the observa-
tion that the gradient enhancement factors, Fx(s),
for revPBE, PBEκ=1, and optPBE were designed
to be shorter range than PBE. Given that these
functionals differ only slightly in the parameters
of their exchange interaction, it is unsurprising that
their average performances are quite similar, with
optPBE, PBEκ=1, and revPBE having MAEs of
0.49, 0.42, and 0.71 kcal/mol respectively.
The next functional considered with PBE-like
exchange was revTCA,? which is the combina-
tion of a revised PBE exchange functional formu-
lated to globally obey the Lieb-Oxford bound, and
a correlation functional constructed to give zero
correlation energy for hydrogenic atoms. While
the uncorrected revTCA functional was among
the worst of the functionals tested, yielding an
MAE of 3.31 kcal/mol, revTCA+MBD was able
to achieve an excellent MAE of 0.52 kcal/mol.
Previous studies demonstrated that revTCA pro-
vides better predictions than PBE for several stan-
dard test properties such as barrier heights, at-
omization energies, and activation enthalpies, and
performs comparably to revPBE.? ? The similar-
ity between revTCA and revPBE is reflected in
their optimal β values: 0.52 and 0.54 kcal/mol
respectively. Across all binding motifs (see Ta-
ble Table 8), we observe that revTCA has a sim-
ilar optimal β value to revPBE, but is slightly
shorter range. This correlation in optimal range-
separation across binding motifs suggests that the
exchange walls described by these two functions
6
Table 1: Fractional improvement (∆) in the mean absolute error (MAE) with respect to the S66×8 bench-
mark set? when using the range-separated MBD correction at the optimal β value, indicated by βopt, is
presented for the considered exchange-correlation functionals. ∆ is computed as the ratio of the MAE for
the uncorrected functional over that of the MBD corrected functional. For instances in which the MBD
correction results in a worse MAE, ∆ is computed as the negative ratio of the MBD corrected MAE over
that of the uncorrected functional. In addition to considering the total S66×8 set, we independently opti-
mized β on three subgroups of complexes categorized by their dominant bonding motif: hydrogen bonds,
dispersion, and other mixed character interactions.
Total H-Bonds Dispersion Other
Functional βopt ∆ βopt ∆ βopt ∆ βopt ∆
B97-3 0.45 5.7 0.44 11 0.55 4.5 0.42 6.1
B97 0.50 5.7 0.49 8.6 0.61 4.8 0.52 7.7
TPSS 0.56 6.6 0.57 12 0.48 6.0 0.49 8.0
MOHLYP 0.40 3.6 0.45 4.5 0.39 3.8 0.39 4.7
OLYP 0.41 3.5 0.49 5.0 0.41 4.1 0.39 4.9
BOP 0.42 3.6 0.52 4.7 0.40 4.4 0.40 6.0
BPW91 0.53 3.3 0.62 3.6 0.43 6.3 0.42 5.8
revTCA 0.52 4.1 0.55 8.1 0.43 4.6 0.42 5.7
revPBE 0.54 4.4 0.59 6.6 0.43 5.7 0.44 7.2
XLYP 0.65 4.3 0.71 7.6 0.49 5.0 0.52 6.5
BP86 0.64 3.6 0.75 3.1 0.47 5.5 0.53 5.0
optB88 0.65 3.4 0.79 2.5 0.49 5.3 0.57 4.6
optPBE 0.67 4.8 0.75 3.7 0.59 6.7 0.62 6.6
PBEκ=1 0.68 5.5 0.74 5.1 0.60 6.4 0.63 7.9
mPW91 0.68 4.7 0.77 3.9 0.57 6.8 0.64 7.1
AM05 0.71 3.5 0.87 2.0 0.57 5.7 0.68 5.4
HCTC/407 0.67 3.0 0.70 2.6 0.60 3.2 0.63 3.6
PW86 0.80 4.6 0.93 3.4 0.74 8.2 0.76 6.3
rPW86 0.81 4.4 0.95 3.1 0.75 8.5 0.77 6.1
PBE 0.83 4.2 0.99 1.9 0.77 8.3 0.82 7.6
PW91 0.91 2.5 1.19∗ 1.2 0.83 5.0 0.91 3.3
PBEsol 0.97 2.2 1.19∗ -1.1 0.93 6.1 0.96 4.0
SVWN 1.19∗ -1.3 1.19∗ -1.1 1.19∗ -1.7 1.19∗ -1.4
SPZ 1.19∗ -1.3 1.19∗ -1.1 1.19∗ -1.7 1.19∗ -1.4
∗ Maximum value of β considered. LDA functionals are expected
to optimize to β → ∞.
is quite similar.
In the same PBE family, PBEsol? was param-
eterized to perform more similarly to LDA func-
tionals for condensed phase systems. This was
achieved largely by damping the gradient enhance-
ment factor at intermediate range to allow for
LDA exchange to play a larger role. It is no
surprise then that the βopt value for PBEsol is
larger than that of PBE due to LDA’s spurious ex-
change binding. When the S66×8 set is segmented
into binding motif subsets (see Table Table 8),
we see that like LDA, uncorrected PBEsol suf-
ficiently binds hydrogen-bonded complexes and
thus the addition of MBD to PBEsol for these
systems incurs additional error; this is reflected
by the negative ∆ value in Table Table 1. It
is notable that PBEsol+MBD’s performance on
hydrogen-bonded systems is the only observed in-
7
stance where MBD increases the MAE of a non-
LDA functional.
Previous authors have found that the non-
empirical PW86? exchange functional provides
the best description of the repulsive part of the ex-
change potential relevant to van der Waals (vdW)
interactions at short range.? Because PW86 ex-
change avoids spurious exchange binding, it is
therefore a good candidate for the foundation of a
vdW corrected functional.? Furthermore, PW86
has a revised variant, rPW86,? ? which more cor-
rectly obeys the Lieb-Oxford bound and was con-
structed to offer improved performance with vdW
corrections.? Both PW86 and rPW86 achieve
some of the lowest errors against the S66×8
set, with MAEs of 0.38 and 0.39 kcal/mol, re-
spectively. We found that the optimized range-
separation parameters differed by 0.01, with
PW86 and rPW86 giving βopt = 0.80 and 0.81,
respectively. The similarity of these optimal β
values to that of PBE is expected, given the simi-
larity in the functional form of their exchange.
Both PW91? ? ? and mPW91? ? ? ? performed
well when the MBD correction was applied.
The uncorrected PW91 and mPW91 function-
als achieved MAEs of 1.25 and 2.30 kcal/mol
respectively, while the MBD correction re-
duced these errors to an impressive 0.50 and
0.49 kcal/mol respectively. These errors being
within 0.15 kcal/mol of the PBE+MBD results
is perhaps unsurprising given the fact that PBE
exchange was derived to be energetically similar
to PW91 exchange. We observe that uncorrected
PW91 performs well on the hydrogen-bonded sub-
set and benefits by only a 0.1 kcal/mol reduction
in MAE with the addition of MBD. By contrast,
mPW91 provides a considerably worse description
of hydrogen bonding and requires MBD to turn on
much quicker, as indicated by βopt = 0.77. Gen-
erally, the PW91 family of functionals performs
quite well when corrected with MBD.
We found that of the functionals tested, those
based on B88 exchange,? including BOP,? ?
BPW91,? ? ? ? BP86,? ? and optB88? ? ? were
among the worst functionals when corrected with
MBD. While optB88 and BP86 were able to
achieve MAEs < 1 kcal/mol with an optimized
MBD correction, BPW91 and BOP achieved
MAEs of 1.02 and 1.15 kcal/mol, respectively.
Judging from the optimal β values, all function-
als based on B88 appear much shorter range than
PBE, with BOP being the shortest at βopt = 0.42
and optB88 the longest, with βopt = 0.65. All
of the B88-based functionals considered struggle
with treating dispersion dominated complexes (see
Table Table 8), while performing significantly bet-
ter on other binding motifs. In the case of BOP, the
poor treatment of the dispersion dominated dimers
contributes the most to the overall error. The final
functional that we considered with B88 exchange
was XLYP,? ? ? which uses a weighted combi-
nation of PW91 and B88 exchange. As such, it is
unsurprising that the MAE for XLYP falls between
that of PW91 and BP86. Indeed, the optimal β for
XLYP is in between that of BP86 and PW91, lying
closer to BP86 due to the 72.2% B88 contribution
to XLYP exchange.
We examined two functionals, OLYP? ? ? and
MOHLYP,? that use Handy and Cohen’s OPTX
exchange functional,? and found that they were
among the worst performers in the set, even with
the MBD correction. The poor performance of
these functionals is unsurprising given that OPTX
has an overly repulsive short-range exchange po-
tential; this is reflected in the very short range
βopt' 0.4. OLYP attains a MAE of 4.29 kcal/mol,
which is lowered to 1.21 kcal/mol with the ap-
plication of MBD. The MOHLYP functional con-
tains a scaled version of OPTX and obtained a
MAE of 4.86 kcal/mol, which was reduced to
1.34 kcal/mol with MBD. Although the MBD cor-
rection provides a large fractional improvement of
3.5 and 3.6 for OLYP and MOHLYP respectively,
they are still markedly inferior to the other LYP
correlation? ? based functional XLYP. MOHLYP
was optimized for transition metal chemistry, em-
phasizing the role of d-orbital interactions at the
cost of pi-delocalized systems, which explains
its generally poor performance on the S66×8
set. While this is a justifiable design for treating
organometallic systems, this is the wrong set of
physical approximations required to appropriately
treat the systems in the S66×8 set. Even still, we
find that MBD significantly improves MOHLYP’s
treatment of dispersion interactions.
One of the most unusual functionals in our
test set is the AM05 functional. AM05 was
constructed to treat molecules and surfaces on
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the same footing as bulk solids. While AM05
has been remarkably successful in treating sur-
faces and solids, it has rarely been applied to
molecules in the gas-phase. Achieving an MAE of
0.64 kcal/mol when dispersion corrected, AM05
is capable of high accuracy on molecular inter-
action energies. AM05 is notable as the func-
tional with the largest spread in βopt values for the
three binding motifs, ranging from 0.57 to 0.87. It
is worth noting that the MBD optimization curve
is particularly flat for AM05, indicating that the
MBD contribution is a robust correction that is
less sensitive to the particular form of AM05’s ex-
change potential than with other functionals.
We included two global hybrids in our set of
functionals, B97? and B97-3.? B97 and B97-
3 reached 0.55 and 0.68 kcal/mol MAE respec-
tively when corrected with MBD. Both had MAEs
> 3 kcal/mol prior to correction with MBD, re-
sulting in an impressive fractional improvement of
∆ = 5.7. B97 and B97-3 have among the short-
est range exchange, resulting in small βopt val-
ues of 0.50 and 0.45 respectively. The final func-
tional tested using a B97-style series expansion of
exchange, was HCTH/407, a heavily parameter-
ized GGA functional? .? HCTH/407 performed
the best of the three B97-style functionals with
an MAE of 2.21 kcal/mol, but receives the small-
est benefit from MBD, only lowering the MAE to
0.73 kcal/mol.
TPSS? ? was found to be one of the best per-
forming functionals in our test set when corraected
with MBD, with a total MAE of 0.44 kcal/mol,
which is only 0.07 kcal/mol above PBE+MBD
– an effectively negligible difference in overall
performance. Split by category, we observe that
TPSS+MBD performs among the best for dimers
with hydrogen-bonded and “other” binding mo-
tifs, and acceptably well for dispersion-bound sys-
tems. MBD yields a remarkable 1200% improve-
ment (∆= 12) for TPSS on hydrogen-bonded sys-
tems. We also observe very little spread in the βopt
among the different classes of interaction motif.
Because of this consistency in both βopt and ac-
curacy between various classes of interactions, we
believe that among the functionals tested, TPSS is
the optimal one to be paired with MBD.
Throughout this discussion we have divided
functionals according to the classification of the
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Figure 3: The GGA enhancement factor evaluated
at a reduced gradient of s = 4 plotted against the
associated optimal MBD range-separation param-
eter, βopt. There are two broad groups of GGA
functionals, with the first, shown in yellow, corre-
sponding to exchange functionals with PBE style
exchange, and the second, shown in blue, corre-
sponding to those that with B97 style exchange.
exchange functional because of the interplay be-
tween the repulsive exchange wall and the range-
separation of the long-range correlation correc-
tion. This analysis is made more explicit by ex-
amining the behavior of the gradient enhancement
factor of the exchange functional. In Figure Fig-
ure 3 we plot the gradient enhancement factor Fx
evaluated at a reduced gradient, s= 4, against βopt
for each functional. We have chosen s= 4 because
this is close to the value of the reduced gradient
in the intermolecular range where noncovalent in-
teractions tend to dominate. We find that for the
two different classes of gradient enhancement fac-
tor present (B97/OPTX-like and PBE-like), a lin-
ear fit determines near optimal β s. β values deter-
mined in this manner are hereafter referred to as
βfit. We have evaluated the MAE for MBE@βfit
for all GGA and global hybrid functionals in this
study, and presented these results in green in Fig-
ure Figure 2. Although the performance of MBD
with an optimize β is superior, if optimizing β for
your functional of choice is not an option, we have
found that we are able to obtain much of the bene-
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fits of MBD using a βfit value. In many cases, we
are able to reach chemical accuracy through this
fitting process. We attribute much of this success
to previously discussed the flat minima observed
in the MAE curve when β is varied. Indeed, the
MAE across the S66×8 set typically only changes
by 0.2 kcal/mol for as much as a 15% change in
β away from the minimum.
Overall, we find that the MBD model is able
to compensate for the deficiencies of a variety of
GGA and global hybrid functionals, with regard
to their ability to describe noncovalent interaction
energies. When the range-separation parameter
is optimally tuned, many different functionals are
able to achieve MAEs on the S66×8 set that are
well below 1 kcal/mol. Given the flat minima and
the diversity of the S66 test set, we expect that the
optimal β determined in this study will be transfer-
able to a wide range of systems. Additionally, the
general functional form that we have determined
for βfit, and the consistently high quality results
that MBD@βfit achieves, provides us with a way
forward to applying MBD to a broader range of
DFT functionals. This is an encouraging result,
given that this study has only considered a small
subset of existing functionals.
 CONCLUSIONS
By determining the optimal value of the MBD
range-separation parameter, β for a range of func-
tionals, we have enabled the further adoption of
MBD as a highly accurate, low computational
cost, correction for noncovalent interactions. In-
deed, this work helps to ameliorate the common
criticism that MBD is only applicable in conjunc-
tion with PBE or PBE0.? We have shown that with
the optimal range-separation of MBD, most func-
tionals can obtain chemical accuracy for the in-
teraction energy on the S66×8 set. This provides
a way forward towards more accurate predictions
of the structure, energetics, and function of many
systems previously inaccessible with uncorrected
DFT.
While we have only tested a small subset of
available GGAs, our linear equation provides a
near-optimal β parameter. In most cases, the
MAE for functionals with the parameterized β
were still able to achieve an accuracy better than
1 kcal/mol. We recommend finding the optimal
β value through MAE minimization, but recog-
nize that this may not be possible in all cases. For
those instances, we have shown that parameterized
β values will provide suitable results.
While we have provided reliable fits for twenty
four different functionals, and many of them
were developed to treat specific classes of
molecules or properties, we recommend using
either PBE+MBD or TPSS+MBD as general pur-
pose functionals. Not only are PBE and TPSS
two of the most popular and well understood func-
tionals with sound non-empirical derivations, we
observed mean absolute errors of 0.37 kcal/mol
and 0.44 kcal/mol with respect to S66×8 the
CCSD(T)/CBS references for PBE+MBD and
TPSS+MBD respectively. Additionally, their op-
timal range-separation values do not significantly
depend on the type of noncovalent interaction,
suggesting that the MBD correction to both func-
tionals is quite transferable.
Future work will determine the optimal range
separation parameter for a wider range of com-
monly used hybrids, meta-hybrids, and double hy-
brid functionals. Once a broader class of function-
als has been parameterized for use with MBD, it
will be interesting to see how the self-consistent
application of MBD performs on the recently re-
leased 3B-69 benchmark set of three-body inter-
actions,? which have called into question whether
many-body induction is at the root of many er-
rors that were previously ascribed to dispersion.
Because MBD can be applied self-consistently, it
would also be interesting to explore the effect of
the MBD contribution to the Kohn-Sham potential
on the hole sum-rule. Such an analysis could pro-
vide new insights in understanding the underlying
physics that results from the inclusion of many-
body dispersion corrections to DFT.
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 SUPPORTING INFORMATION
 S22 BENCHMARK SET
Table 2: Mean absolute error (MAE) in kcal/mol
with respect to Takatani’s revised S22 benchmark
set? ? with the bare exchange-correlation functional
and with the optimized range-separated MBD cor-
rection. βopt is the optimized MBD range-separation
parameter.
MAE (kcal/mol)
Functional Bare MBD βopt
B97-3 7.055 0.828 0.42
B97 5.766 0.768 0.48
TPSS 4.75 0.801 0.55
MOHLYP 8.15 2.921 0.42
OLYP 7.124 2.675 0.49
BOP 6.628 2.308 0.51
BPW91 5.097 1.614 0.63
revTCA 5.633 1.605 0.54
revPBE 5.111 1.347 0.59
XLYP 4.372 1.053 0.67
BP86 3.948 1.109 0.71
optB88 3.735 1.213 0.70
optPBE 3.696 0.902 0.71
PBEκ=1 3.772 0.743 0.70
mPW91 3.675 0.895 0.71
AM05 3.37 1.056 0.72
HCTH/407 3.949 0.828 0.64
PW86 2.782 0.506 0.78
rPW86 2.722 0.526 0.78
PBE 2.516 0.601 0.81
PW91 2.232 0.71 0.86
PBEsol 1.898 0.968 0.95
SVWN 2.323 3.068 1.19∗
SPZ 2.065 2.789 1.19∗
∗ Maximum value of β considered.
LDA functionals are expected to op-
timize to β → ∞.
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Table 3: Mean absolute relative percentage er-
ror (MARE) with respect to Takatani’s revised S22
benchmark set? ? with the bare exchange-correlation
functional and with the optimized range-separated
MBD correction. βopt is the optimized MBD range-
separation parameter.
MARE (%)
Functional Bare MBD βopt
B97-3 124 18 0.42
B97 102 18 0.49
TPSS 96 17 0.51
MOHLYP 167 51 0.38
OLYP 150 47 0.39
BOP 146 42 0.39
BPW91 119 35 0.42
revTCA 115 31 0.42
revPBE 109 27 0.42
XLYP 95 25 0.58
BP86 96 26 0.57
optB88 92 25 0.52
optPBE 84 18 0.62
PBEκ=1 81 15 0.64
mPW91 84 18 0.62
AM05 84 20 0.66
HCTH/407 72 22 0.66
PW86 63 9 0.75
rPW86 61 9 0.76
PBE 56 10 0.81
PW91 47 14 0.86
PBEsol 41 11 0.95
SVWN 35 52 1.19∗
SPZ 31 47 1.19∗
∗ Maximum value of β considered.
LDA functionals are expected to op-
timize to β → ∞.
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 S66 BENCHMARK SET
Table 4: Mean absolute error (MAE) in kcal/mol
with respect to the S66 benchmark set? with the bare
exchange-correlation functional and with the opti-
mized range-separated MBD correction. βopt is the
optimized MBD range-separation parameter.
MAE (kcal/mol)
Functional Bare MBD βopt
B97-3 3.86 0.68 0.45
B97 3.14 0.55 0.50
TPSS 2.90 0.44 0.56
MOHLYP 4.86 1.34 0.40
OLYP 4.29 1.21 0.41
BOP 4.15 1.15 0.42
BPW91 3.33 1.02 0.53
revTCA 3.31 0.81 0.52
revPBE 3.13 0.71 0.54
XLYP 2.63 0.61 0.65
BP86 2.62 0.72 0.64
optB88 2.55 0.75 0.65
optPBE 2.34 0.49 0.67
PBEκ = 1 2.31 0.42 0.68
mPW91 2.30 0.49 0.68
AM05 2.25 0.64 0.71
HCTC/407 2.21 0.73 0.67
PW86 1.76 0.38 0.80
rPW86 1.71 0.39 0.81
PBE 1.57 0.37 0.83
PW91 1.25 0.50 0.91
PBEsol 1.23 0.55 0.97
SVWN 1.49 1.88 1.19∗
SPZ 1.37 1.76 1.19∗
∗ Maximum value of β considered.
LDA functionals are expected to op-
timize to β → ∞.
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Table 5: Mean absolute relative percentage error
(MARE) with respect to the S66 benchmark set?
with the bare exchange-correlation functional and
with the optimized range-separated MBD correction.
βopt is the optimized MBD range-separation param-
eter.
MARE (%)
Functional Bare MBD βopt
B97-3 146 47 0.46
B97 117 42 0.57
TPSS 117 28 0.53
MOHLYP 185 62 0.39
OLYP 163 58 0.40
BOP 161 45 0.40
BPW91 137 35 0.43
revTCA 127 43 0.47
revPBE 118 31 0.46
XLYP 112 30 0.57
BP86 110 30 0.55
optB88 113 33 0.55
optPBE 105 31 0.62
PBEκ = 1 103 30 0.65
mPW91 94 21 0.63
AM05 104 31 0.66
HCTH/407 169 117 0.65
PW86 80 22 0.76
rPW86 80 24 0.76
PBE 76 23 0.80
PW91 58 30 0.88
PBEsol 55 19 0.95
SVWN 44 54 1.19∗
SPZ 42 49 1.19∗
∗ Maximum value of β considered.
LDA functionals are expected to op-
timize to β → ∞.
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 S66×8 BENCHMARK SET
Table 6: Mean absolute error (MAE) in kcal/mol
with respect to the S66×8 benchmark set? with the
bare exchange-correlation functional and with the
optimized range-separated MBD correction. βopt is
the optimized MBD range-separation parameter.
Functional Bare MBD βopt
B97-3 3.86 0.68 0.45
B97 3.14 0.55 0.50
TPSS 2.90 0.44 0.56
MOHLYP 4.86 1.34 0.40
OLYP 4.29 1.21 0.41
BOP 4.15 1.15 0.42
BPW91 3.33 1.02 0.53
revTCA 3.31 0.81 0.52
revPBE 3.13 0.71 0.54
XLYP 2.63 0.61 0.65
BP86 2.62 0.72 0.64
optB88 2.55 0.75 0.65
optPBE 2.34 0.49 0.67
PBEκ=1 2.31 0.42 0.68
mPW91 2.30 0.49 0.68
AM05 2.25 0.64 0.71
HCTC/407 2.21 0.73 0.67
PW86 1.76 0.38 0.80
rPW86 1.71 0.39 0.81
PBE 1.57 0.37 0.83
PW91 1.25 0.50 0.91
PBEsol 1.23 0.55 0.97
SVWN 1.49 1.88 1.19∗
SPZ 1.37 1.76 1.19∗
∗ Maximum value of β considered.
LDA functionals are expected to op-
timize to β → ∞.
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Table 7: Mean absolute relative percentage error
(MARE) with respect to the S66×8 benchmark set?
with the bare exchange-correlation functional and
with the optimized range-separated MBD correction.
βopt is the optimized MBD range-separation param-
eter.
MARE (%)
Functional Bare MBD βopt
B97-3 146 47 0.46
B97 116 42 0.57
TPSS 117 28 0.53
MOHLYP 185 62 0.39
OLYP 163 58 0.40
BOP 161 44 0.40
BPW91 137 35 0.43
revTCA 127 43 0.47
revPBE 118 31 0.46
XLYP 112 30 0.57
BP86 110 30 0.55
optB88 113 33 0.55
optPBE 105 31 0.62
PBEκ=1 103 30 0.65
mPW91 94 21 0.63
AM05 104 31 0.66
HCTH/407 169 117 0.65
PW86 80 22 0.76
rPW86 80 23 0.76
PBE 76 23 0.80
PW91 58 30 0.88
PBEsol 55 19 0.95
SVWN 44 54 1.19∗
SPZ 42 49 1.19∗
∗ Maximum value of β considered.
LDA functionals are expected to op-
timize to β → ∞.
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Table 8: Mean absolute error (MAE) in kcal/mol with respect to subsets of the S66×8 benchmark set?
categorized by bonding motif, with the bare exchange-correlation functional and with the optimized range-
separated MBD correction. βopt is the optimized MBD range-separation parameter.
H-Bonded Dispersion Other
Functional Bare MBD βopt Bare MBD βopt Bare MBD βopt
B97-3 3.93 0.36 0.44 4.42 0.99 0.55 3.13 0.51 0.42
B97 3.00 0.35 0.49 3.80 0.80 0.61 2.54 0.33 0.52
TPSS 2.18 0.18 0.57 4.07 0.68 0.48 2.39 0.30 0.49
MOHLYP 3.88 0.86 0.45 6.52 1.70 0.39 4.09 0.87 0.39
OLYP 3.10 0.62 0.49 5.97 1.45 0.41 3.73 0.76 0.39
BOP 2.98 0.64 0.52 5.77 1.31 0.40 3.64 0.61 0.40
BPW91 2.08 0.58 0.62 4.88 0.77 0.43 2.99 0.52 0.42
revTCA 2.42 0.30 0.55 4.61 1.01 0.43 2.83 0.50 0.42
revPBE 2.17 0.33 0.59 4.44 0.78 0.43 2.72 0.38 0.44
XLYP 1.45 0.19 0.71 4.06 0.81 0.49 2.34 0.36 0.52
BP86 1.38 0.45 0.75 4.04 0.74 0.47 2.41 0.48 0.53
optB88 1.27 0.51 0.79 4.03 0.76 0.49 2.33 0.51 0.57
optPBE 1.29 0.35 0.75 3.60 0.54 0.59 2.11 0.32 0.62
PBEκ=1 1.33 0.26 0.74 3.51 0.55 0.60 2.06 0.26 0.63
mPW91 1.21 0.31 0.77 3.60 0.53 0.57 2.06 0.29 0.64
AM05 0.94 0.46 0.87 3.69 0.65 0.57 2.09 0.39 0.68
HCTC/407 1.24 0.47 0.70 3.47 1.10 0.60 1.88 0.52 0.63
PW86 0.71 0.21 0.93 2.87 0.35 0.74 1.70 0.27 0.76
rPW86 0.66 0.21 0.95 2.81 0.33 0.75 1.66 0.27 0.77
PBE 0.60 0.31 0.99 2.66 0.32 0.77 1.44 0.19 0.82
PW91 0.43 0.36 1.19∗ 2.23 0.45 0.83 1.06 0.32 0.91
PBEsol 0.70 0.74 1.19∗ 1.94 0.32 0.93 1.03 0.26 0.96
SVWN 2.66 2.93 1.19∗ 0.82 1.35 1.19∗ 0.93 1.28 1.19∗
SPZ 2.49 2.76 1.19∗ 0.72 1.25 1.19∗ 0.83 1.18 1.19∗
∗ Maximum value of β considered. LDA functionals are expected to optimize to
β → ∞.
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Table 9: Mean absolute relative percentage error (MARE) with respect to subsets of the S66×8 bench-
mark set? categorized by bonding motif, with the bare exchange-correlation functional and with the
optimized range-separated MBD correction. βopt is the optimized MBD range-separation parameter.
H-Bonded Dispersion Other
Functional Bare MBD βopt Bare MBD βopt Bare MBD βopt
B97-3 51 7 0.45 265 100 0.55 118 28 0.42
B97 39 7 0.50 215 89 0.63 92 20 0.53
TPSS 31 3 0.57 229 60 0.45 89 16 0.50
MOHLYP 55 13 0.41 350 127 0.39 144 38 0.39
OLYP 45 11 0.47 308 119 0.40 132 34 0.39
BOP 46 11 0.47 300 88 0.40 133 25 0.40
BPW91 35 11 0.57 259 56 0.43 112 22 0.42
revTCA 35 6 0.54 242 87 0.43 101 25 0.42
revPBE 33 6 0.56 217 52 0.43 100 21 0.45
XLYP 23 4 0.71 223 58 0.43 87 17 0.52
BP86 25 9 0.71 210 48 0.46 91 22 0.50
optB88 24 9 0.73 223 58 0.50 89 22 0.50
optPBE 21 6 0.73 211 64 0.59 79 17 0.63
PBEκ=1 21 4 0.72 208 67 0.62 77 15 0.63
mPW91 20 5 0.75 185 39 0.58 75 14 0.64
AM05 18 7 0.81 209 59 0.55 81 20 0.68
HCTH/407 18 11 0.76 397 285 0.60 81 40 0.64
PW86 12 4 0.92 160 42 0.74 66 14 0.76
rPW86 11 4 0.94 162 46 0.75 64 14 0.77
PBE 11 5 0.96 160 46 0.75 56 11 0.82
PW91 7 7 1.19∗ 123 55 0.83 40 21 0.91
PBEsol 10 9 1.19∗ 107 27 0.94 45 14 0.96
SVWN 35 39 1.19∗ 58 76 1.19∗ 39 45 1.19∗
SPZ 33 37 1.19∗ 57 68 1.19∗ 35 42 1.19∗
∗ Maximum value of β considered. LDA functionals are expected to optimize to
β → ∞.
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 GLOSSARY
Table 10: Definition of abbreviations referring to the exchange-correlation functionals considered herein.
Abbreviation Exchange Correlation
SVWN Slater exchange Vosko, Wilk, & Nussair ‘80, (RPA)
SPZ Slater exchange Perdew & Zunger ‘81 local
BOP Becke ‘88 B88 one parameter progressive
BP86 Becke ‘88 Perdew ‘86
BPW91 Becke ‘88 Perdew & Wang ‘91
PW91 Perdew & Wang ‘91 Perdew & Wang ‘91
mPW91 modified PW91 (Adomo & Barone) Perdew & Wang ‘91
PBE Perdew, Burke & Ernzerhof Perdew, Burke & Ernzerhof
PBEsol PBE reparameterized for solids PBE reparameterized for solids
revPBE revised PBE Perdew, Burke & Ernzerhof
PBEκ=1 PBE reparametrized for vdW Perdew, Burke & Ernzerhof
optPBE PBE reparametrized for vdW Perdew, Burke & Ernzerhof
rPW86 PW86 reparametrized for vdW Perdew, Burke & Ernzerhof
optB88 B88 reparametrized for vdW Perdew, Burke & Ernzerhof
PW86 Perdew & Wang ‘86 Perdew, Burke & Ernzerhof
revTCA Hammer, Hansen & Norskov revised Tognetti, Cortona, Adamo
AM05 Armiento & Mattsson ‘05 Armiento & Mattsson ‘05
HCTH/407 Handy et al.’s functional fit to 407 molecules
OLYP Handy & Cohen OPTX ‘01 Lee, Yang & Parr
MOHLYP scaled Handy & Cohen OPTX ‘01 scaled Lee, Yang & Parr
XLYP
local: 100% Slater
Lee, Yang & Parr
nonlocal: 72.2% B88+34.7% PW91
TPSS Tao, Perdew, Staroverov & Scuseria meta-GGA
B97 Becke ‘97 global hybrid
B97-3 B97 reparameterized by Keal and Tozer ‘05
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